The ether and methanol extracts of Wolffia arrhiza (Lemnaceae) were analyzed using high resolution capillary gas chromatography coupled with mass spectrometry (GC-MS). The ether extract contains 32 compounds, mostly lipids and sterols, among which β-sitosterol is most prevalent. This is the first evidence of β-sitosterol detection in W. arrhiza. The most representative group of polar compounds of the methanol fraction is formed by 18 free amino acids. In addition, in the methanol extract there are a number of other nitrogen containing compounds: nucleobase and nucleosides. The third significant group in the total ion current in the methanol extract is formed by glycerol and glycerides. At the same time, the content of free sugar is very low.
INTRODUCTION
The Lemnaceae (duckweeds) comprise a small, aquatic monocotyledon family of five genera (Landoltia, Lemna, Spirodela, Wolffia and Wolffiella) and 37 species. Duckweeds are particularly interesting evolutionarily because they are the world's smallest angiosperms (Les et al. 2002) . Lemnaceae are extremely reduced in morphology and present a developmental hybrid of leaf and stem origin (Bog 2010) . Individuals of Wolffia (the smallest genera), seldom not exceed 0.5-1.2 mm in length and 0.4-1.0 mm in width and bear little similarity to other flowering plants (Godziemba-Czyż 1970) . W. arrhiza shows an extremely reduced plant cormus: leaves and stems are replaced by a fusion of both, called a frond. It lacks a central root system and, therefore, absorbs nutrients from the water through the entire plant. Each frond of W. arrhiza contains one meristematic region which produces new fronds. W. arrhiza plants float individually or as two in a cluster at the surface of the water (Les et al. 2002) . In response to unfavorable environmental conditions, the resting forms (turions) are formed (Appenroth & Nickel 2010) .
W. arrhiza is commonly known as "watermeal" because it yields approximately the same percentage of protein as soybean. It can be used to produce animal feed and to provide raw materials for various industrial products such as alcohol and even biodegradable plastics (Tiefenbacher 1993) . W. arrhiza is also regarded as a candidate par excellence in the role of the "photosynthetic producer" for establishing a Controlled Ecological Life Support System in long-term space exploration, because it is relatively easy and, moreover, fast to grow, with high photosynthetic CO2 assimilation activity and resistance to changes in environmental conditions (Wang et al. 2010) . W. arrhiza has also a high potential in biotechnological applications, including wastewater treatments, biofuels, and removal of nutrients or heavy metals from polluted water (Mical & Krotke 1999) . While the anatomy, ultrastructure, and reproduction of the W. arrhiza frond (Godziemba-Czyż 1970) , as well as the effect of phytohormones and toxic compounds on its growth and metabolism, have been studied in detail (Bajguz and Asami 2005; Piotrowska et al. 2010a, b) , knowledge of the biochemical composition of this species is still limited. For that reason, it is of utmost importance to clarify the presence of various organic compounds, with biological activity in the plant, that have great potential to be used as a feed supplement. Therefore, the extracts of the W. arrhiza frond have been analyzed using high resolution capillary gas chromatography coupled with mass spectrometry (GC-MS).
MATERIALS AND METHODS

Plant material and growth conditions
Wolffia arrhiza (L.) Hork. ex. Wimm. (Lemnaceae) originated from the culture at the Institute of Biology, University of Bialystok. An axenic culture of W. arrhiza was grown in 200-ml sterile vessels (Phytatray TM , Sigma-Aldrich Co., USA) containing 150 ml of 1/50 dilution of Hutner's medium (pH 7.0) in the following nutritive solution: 1.3 mM EDTA, 2 mM MgSO4·7H2O, 2.9 mM KH2PO4, 1.5 mM Ca(NO3)2·4H2O, 3.6 mM KOH, 1.7 mM NH4VO3, 0.2 mM ZnSO4·7H2O, 0.1 mM Na2MoO4·2H2O, 0.1 mM FeSO4·7H2O, 0.1 mM MnCl2·4H2O, 0.2 mM H3BO3, 20 µM CuSO4·5H2O, 0.7 µM Co(NO3)2·6H2O (Hutner 1953) . All reagents were purchased from Sigma-Aldrich Co., USA. Vessels were covered with plastic plates to reduce evaporation of the solutions. The cultures were grown under controlled conditions at 25 ±0.5 °C, with a day/night cycle of 16/8 h (photon flux of 100 µmol m -2 s -1 ). Light was supplied by white fluorescent tubes TLD 18/86 (Philips Aquarelle lamps, Netherlands). Plants were precultivated for 28 days in 1/50 Hutner's medium and the medium was replaced every week. Precultivation was necessary; without this step the formation of stress-induced resting forms (turions) was observed, often giving irregular results. One-week-old plants (1 g fresh weight) were harvested for metabolite determination. The W. arrhiza fronds were filtered, washed three times with distilled water, kept on filter paper for a few minutes to remove excess liquid, and dried at a temperature of 40°C.
Sample preparation
Each 500 mg sample of dry material was ground, transferred into a 25 ml retort and extracted, constantly stirred, by three portions of 10 ml of diethyl ether. Next, the non-soluble material was extracted by three portions of 10 ml of methanol. The duration of each extraction cycle at room temperature was 30 min. The joint extracts were filtered through a paper filter and the solvent was removed on a rotary evaporator at 50°C. The residue left on the walls was washed out with 2 ml of diethyl ether or methanol, and 0.5 ml of this solution was put into a 2 ml vial. After evaporation of the solvent, 220 μl of pyridine and 80 μl of bis(trimethylsilyl)trifluoroacetamide (BSTFA) were added to the vial (these reagents were purchased from Sigma-Aldrich Co., USA). The reaction mixture was sealed and heated for 0.5 h at 60°C to obtain trimethylsilyl (TMS) derivatives.
GC-MS analysis
Solutions of TMS derivatives were separated and analyzed by GC-MS on an HP 6890 gas chromatograph with mass selective detector MSD 5973 (Agilent Technologies, USA). This device was fitted with an HP-5MS fused silica column (30 m × 0.25 mm i.d., 0.25 μm film thickness), with electronic pressure control and split/splitless injector. Helium flow rate through the column was 1 ml min -1 in constant flow mode. The injector (250°C) worked in split (1:50) mode. The initial column temperature was 50°C rising to 300°C at 5°C min -1 . The MSD 5973 detector acquisition parameters were as follows: transfer line temperature equalled 250°C and the detector was held at 290°C. The EIMS spectra were obtained at 70 eV of ionization energy. Detection was performed in a full scan mode from 39 to 600 a.m.u.
Components were identified with the aid of an automatic system of processing data from GC-MS supplied by the National Institute of Standards and Technology (NIST) database (NIST Chemistry WebBook). Each analytic peak was evaluated for peak purity and resolution from the nearest eluting compound. To enhance the reliability of identification we used both mass spectra library searches and retention indices values. For this purpose, a hexane solution of C10-C40 n-alkanes was previously separated under the above conditions. The values of retention times of n-alkanes and separated compounds were used to calculate linear temperature programmed retention indices (RI). The calculated RI Exp values of separated compounds were compared with those presented in the NIST mass spectra library and with our previously published data (Isidorov and Szczepaniak 2009) . Identification was considered reliable if the results of the computer search were confirmed by the RI Exp values, and if the literature data (RI Lit ) did not deviate from the RI Exp values by more than ±10 u.i.
RESULTS AND DISCUSSION
In this investigation, the sample preparation includes successive extraction of plant material with slightly polar (diethyl ether) and polar (methanol) solvents. The aim of extraction with ether was to separate the lipids: hydrocarbons, aliphatic acids, sterols and other low polar compounds. Methanol, on the other hand, dissolves highly polar substances well: carbohydrates, cyclitols, amino acids and heterocyclic compounds. This approach is justified in prospecting investigations of objects with previously unknown composition . As we will demonstrate, each of the two extracts from W. arrhiza contains many tens of compounds belonging to different classes. Therefore, the use of the "single injection" (without preliminary fractioning of analytes) method described by Molnár-Perl (1999) can lead to more difficulties in identification due to overlapping chromatographic peaks. Table 1 shows the composition of ether extracts from the investigated sample. The semi-quantitative (relative) composition of every compound was calculated as the percent ratio of the respective peak area relative to the total peak area. Table 1 lists 32 compounds presented on the ether extract chromatograms in amounts not less than 0.05% of total ion current (TIC). Ether extract contains mostly lipids. The hydrocarbons are represented mainly by the unsaturated compounds С20H40 and С20H38 (ca. 11% of TIC). These hydrocarbons are biochemical precursors of phytol (С20H40O), a constituent of chlorophyll.
Fatty С14-С18 acids in the ether extract of W. arrhiza tissues account for са. 40% of TIC. These acids are represented mainly by polyunsaturated linoleic (omega-6) and α-linolenic (omega-3) acids. Linoleic acid is a polyunsaturated fatty acid (PUFA) used in the biosynthesis of prostaglandins. It is also found in the lipids of cell membranes (Mosblech et al. 2009 ). It is abundant in many vegetable oils, comprising over half (by weight) of poppy seed, safflower, sunflower, and corn oils. α-Linolenoic acid helps to maintain cell equilibrium. Together with omega-6 PUFAs, they are components of phospholipids. Phospholipids are present in cell membranes, where they promote fluidity and regulate the flow of substances into and out of the cell. In the ether extract an abundance of saturated hexadecanoic acid was also registered.
The second group is formed by sterols, among which β-sitosterol prevailed (са. 25% of TIC). β- Sitosterol is a known plant sterol and it has been reported to be abundant in wheat germ oil, cotton seed oil, corn oil, and soybean oil. This is the first evidence of the presence of this compound in the Lemnaceae plant. Campesterol (2.6%) and stigmasterol (5.4%) were also detected in W. arrhiza ether extract.
Some of the slightly polar components were not completely extracted from the sample with ether and were moved into the methanol extract. The methanol fraction is, however, mainly composed of polar compounds (Table 2 ). This extract contains 74 compounds of different classes. The most representative group is formed by 18 free amino acids, which accounted for ca. 35% of TIC. Analysis of W. arrhiza extracts reveals the occurrence of amino acids belonging to different classes, including: alanine (3.2%), valine (2.5%), leucine (2.3%), isoleucine (1.2%), phenylalanine (1.0%), proline (0.8%) and tyrosine (0.7%). Along with protein amino acids, the following non-protein amino acids were also identified in the extract: 5-oxoproline, a keto derivative of proline involved in glutamine and glutathione metabolism, 4-hydroxyproline, a common non-proteinogenic amino acid responsible for collagen synthesis, and γ-aminobutyric acid (GABA). GABA is a non-protein amino acid found in prokaryotes and eukaryotes. Although GABA is now recognized as the most important inhibitory neurotransmitter in the mammalian central nervous system (CNS), the role of GABA in plants remains unclear.
In the methanol extract there are a number of other nitrogen containing compounds: nucleobases (purine derivatives adenine, 9H-purin-6-amine and hypoxantine) and nucleosides (adenosine and uridine). Purine and pyrimidine nucleotides participate in many biochemical processes in plants. They are building blocks for nucleic acid synthesis, an energy source, and precursors for the synthesis of primary products, such as sucrose, polysaccharides, phospholipids, and secondary products. Nucleotides are synthesized both from amino acids and from other small molecules via de novo pathways, and from preformed nucleobases and nucleosides by salvage pathways. Nucleotide metabolism is involved in various areas of growth and organized development in plants, including embryo maturation and germination, in vitro organogenesis, storage organ development and sprouting, and leaf senescence (Stasolla et al. 2003) .
The third significant group in the total ion current in the methanol extract is formed by glycerol and glycerides. Glycerol is a primary metabolite of living organisms, occurring naturally mainly in esterified form as fats and oils. This compound is the principal by-product of biodiesel production and is also commonly used in fairly large quantities in industrial food preparations such as chewing gum products, the main supplier being the fats and oils industry. Monoand diglycerides are natural constituents of vegetable oils, fats and plant tissues. At the same time, the content of free sugar was very low: the portion of anomers of fructose, glucose, and sucrose accounted for only 4.7% of TIC. Literature data concerning nutrient levels in other duckweeds showed that Lemna minor, Lemna gibba, and Lemna trisulca contain low concentrations of soluble carbohydrates and large amounts of nonstructural polysaccharides (Frick 1994) . The group of miscellaneous compounds is represented mainly by phosphoric acid, as well as small amounts of inositol and its phosphate. It has been proposed that inositol and its phosphate serve a physiological function in salt tolerance and osomoprotection as well as turion formation in Spirodela polyrhiza (Lemnaceae) (Flores & Smart 2000) . Moreover, inositol phosphates in Lemnaceae plants such as Wolffiella floridana play additional roles beyond simple phosphate storage, because these species can phosphorylate inositol into phytic acid (known as inositol hexakisphosphate), which is the principal storage form of phosphorus. Phytic acid is not digestable to humans or non-ruminant animals, however, so it is not a source of either inositol or phosphate if eaten directly. Moreover, it chelates and thus makes unabsorbable certain important minor minerals, such as zinc and iron, and, to a lesser extent, also macro minerals, such as calcium and magnesium. In studies on the metabolism of inositol in Lemnaceae, this cyclitol also invariably served as a general precursor of all uronosyl and pentosyl units of cell wall polysaccharides (Roberts & Loewus 1968 , Flores & Smart 2000 .
The group of miscellaneous compounds is also composed of phenols and p-coumaric, ferulic, and caffeic acids. Phenolic acids and their derivatives are a diverse class of phenolic compounds that are widely distributed in the plant kingdom. They are known to play multifunctional roles in rhizospheric plant-microbe interactions. Phenolic compounds are also believed to be an important part of the general defense mechanisms many plants use against infections and they function as natural anitoxidants and anticarcinogens. Phenolic acids are produced in plants via shikimic acid through the phenylpropanoid pathway, as by-products of the monolignol pathway and as breakdown products of lignin and cell wall polymers in vascular plants. The synthesis of phenolic compounds is induced when plants are infected or injured, or under low temperatures and low nutrient conditions. In Lemnaceae plants, such as Spirodela intermedia, Spirodela oligorrhiza, and W. arrhiza, phenolic acids are responsible for screening UV radiation, detoxification of reactive oxygen species, allelochemical interactions, and plant adaptation to stress conditions of the aquatic environment. For example, antioxidant action of phenolic compounds is due to their high tendency to chelate toxic metals, present in contaminated water bodies, by hydroxyl or carboxyl groups (Gitz et al. 2004) .
It was demonstrated that W. arrhiza contains compounds with high nutritive value, e.g. polyunsaturated fatty acids, sterols, and essential amino acids. Polyunsaturated linoleic (omega-6) and α-linolenic (omega-3) acids are essential fatty acids that humans and other animals must ingest for good health because the body requires them for various biological processes, but cannot synthesize them from other food components. α-Linolenoic acid is associated with various health benefits relating to treatment of inflammatory diseases, cardiovascular disease, diabetes, cancer and neurological disorders (Gogus & Smith 2010) . In the present study, W. arrhiza was found to contain a predominant proportion of α-linolenic in comparison with linoleic acid (3.6:1 in ether extract and 2.1:1 in methanol extract). The typical diet is low in omega-3 acids and high in omega-6; omega-3 acids play a vital role in overall health. Detected in W. arrhiza, β-sitosterol can inhibit the absorption of cholesterol in the human body and thus reduce the cholesterol levels in the plasma. β-Sitosterol is also known to reduce the activity of cancer cells, promote prostate gland health and enhance immunity in the human body (Ye et al. 2010) . Proteins from plant sources tend to have a relatively low biological value, in comparison to protein from eggs or milk. They are nevertheless "complete" in that they contain at least trace amounts of all amino acids. In extracts from W. arrhiza fronds, amino acids essential in human and animal nutrition, e.g. valine, leucine, isoleucine, phenylanine, threonine, lysine, and tyrosine, were registered. For that reason, W. arrhiza could be used as an effective protein supplement in diets low in essential amino acids, such as those based on corn or rice.
CONCLUDING REMARKS
In the present work we have isolated and demonstrated the presence of biologically active compounds in W. arrhiza. The chemical constituents of the fronds did not differ from other species of the Lemnaceae family. The ether extract of W. arrhiza contained 32 compounds, mostly lipids. The unsaturated compounds С20H40 and С20H38 dominated in the group of hydrocarbons. Fatty acids were represented mainly by unsaturated linoleic and α-linolenic acids. Sterols, among which β-sitosterol was prevalent, were detected. Along with protein amino acids, non-protein amino acids 5-oxo-and 4-hydroxyproline and γ-aminobutyric acid (GABA) were identified in the extract. W. arrhiza also contained glycerol, glycerides, phosphoric acid, inositol, and its phosphate, as well as phenol compounds including phenolic acids. Results confirmed the presence of valuable organic compounds in W. arrhiza and its eventual practical application as a food supplement that has health benefits in addition to its nutritive value in animal diets.
